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8 [0001] This application claims benefit of prior-filed co-pending provisional App. No. 

9 60/442,288 entitled "Etched-facet semiconductor optical component with integrated end- 

10 coupled waveguide and methods of fabrication and use thereof filed 01/24/2003 in the 

11 names of Henry A. Blauvelt, David W. Vemooy, Joel S. Paslaski, said provisional 

12 application being hereby incorporated by reference as if fully set forth herein. This 

13 application claims benefit of prior-filed co-pending provisional App. No. 60/462,600 

14 entitled "Etched-facet semiconductor optical component with integrated end-coupled 

15 waveguide and methods of fabrication and use thereof filed 04/1 1/2003 in the names of 

16 Charles I. Grosjean, Hao Lee, Franklin G. Monzon, Katrina H. Nguyen, and Rolf A. 

17 Wyss, said provisional application being hereby incorporated by reference as if fully set 

18 forth herein. This application claims benefit of prior-filed co-pending provisional App. 

19 No. 60/466,799 entitled "Low-profile-core and thin-core optical waveguides and 

20 methods of fabrication and use thereof filed 04/29/2003 in the names of David W. 

21 Vemooy, Joel S. Paslaski, and Guide Hunziker, said provisional application being 

22 hereby incorporated by reference as if fully set forth herein. 
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1 BACKGROUND 

2 [0002] The field of the present invention relates to semiconductor optical devices. In 

3 particular, etched-facet semiconductor optical devices including integrated optical 

4 waveguides are described herein. 

5 [0003] Various optical devices might include a semiconductor optical device and an 

6 integrated end-coupled waveguide formed on a common substrate. Spatially selective 

7 material processing is typically employed to form the semiconductor optical device on a 

8 semiconductor substrate. Additional spatially selective material processing steps are 

9 typically employed for forming the integrated waveguide (which may comprise different 

10 materials, such as silica or other low-index materials) on the semiconductor substrate. 

11 The accuracy that may be achieved using spatially selective material processing 

12 enables sufficiently accurate spatial mode matching and transverse alignment for 

13 achieving end-coupling efficiency at or above operationally acceptable levels for many 

14 optical device applications. Set forth hereinbelow are a variety of structures, and 

15 spatially selective material processing sequences for forming them, for optical devices 

16 and integrated end-coupled waveguides. Spatially selective material processing may be 

17 employed for forming concurrently multiple optical devices with corresponding 

18 integrated waveguides on a common device substrate. 
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1 SUMMARY 

2 [0004] An optical apparatus comprises a semiconductor optical device waveguide 

3 formed on a semiconductor substrate, and an integrated end-coupled waveguide 

4 formed on the semiconductor substrate. The integrated waveguide may typically 

5 comprise materials differing from those of the device waveguide and the substrate, 

6 including silica, silica-based materials, other glasses, silicon nitride and oxynitrides, 

7 polymers, other low-index materials, and so on. Spatially selective material processing 

8 may be employed for first forming the optical device waveguide on the substrate, and 

9 for subsequently depositing and forming the integrated end-coupled waveguide on the 

10 substrate. Spatially selective material processing techniques enable sufficiently 

11 accurate spatial mode matching and transverse alignment of the device waveguide and 

12 integrated waveguide. Multiple device waveguides and corresponding integrated end- 

13 coupled waveguides may be fabricated concurrently on a common substrate by spatially 

14 selective material processing on a wafer scale. 

15 [0005] The integrated end-coupled waveguide may be adapted for fulfilling one or 

16 more functions, including (but not limited to): transfer of optical power between the 

17 optical device and an optical transmission component through the integrated 

18 waveguide, by end-coupling or side-coupling; spatial mode matching; modal index 

19 matching; adiabatic side coupling; spatial mode control/modification; optical frequency 

20 control/modification; and so on. The end face of the device waveguide and/or the 

21 proximal portion of the integrated waveguide, and/or spatially selective material 

22 processing steps for forming the same, may be adapted in a variety of ways for 

23 achieving the needed/desired degree of end-coupling between the device waveguide 

24 and the integrated waveguide. Such adaptations may include (but are not limited to): 

25 providing a laterally expanded device waveguide end face for enhanced optical surface 

26 quality; providing a curved and/or tilted device waveguide end face; providing optical 

27 coating(s) for the device waveguide end face; providing a transversely flared device 

28 waveguide end segment for increasing transverse mode size and thereby decreasing 

29 diffractive loss; providing reflective coating layer(s) between the substrate and the 

30 integrated waveguide for reducing optical leakage into the substrate; reducing or 
31. substantially eliminating segments of the waveguides lacking substantially complete 
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1 transverse optical confinement; reducing or substantially eliminating any integrated 

2 waveguide material deposited on the device waveguide end face; and so on. 

3 [0006] Objects and advantages associated with etched-facet optical components with 

4 integrated end-coupled waveguides may become apparent upon referring to the 

5 disclosed exemplary embodiments as illustrated in the drawings and disclosed in the 

6 following written description and/or claims. 
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1 BRIEF DESCRIPTION OF THE DRAWINGS 

2 [0007] Figs. 1 A and 1 B are side and top views, respectively, of an exemplary 

3 embodiment of an optical device and integrated waveguide. 

4 [0008] Figs. 2A and 2B are side and top views, respectively, illustrating exemplary 

5 spatially selective material processing for forming an exemplary device 

6 waveguide, while Fig. 2C is a top view of an alternative exemplary device 

7 waveguide. 

8 [0009] Figs. 3A and 38 are side views of the ends of exemplary device waveguides 
g including optical coatings. 

10 [0010] Figs. 4A, 4B, and 4C are top, side cross section, an end cross section views of 

11 an exemplary optical device with an integrated waveguide. 

12 [0011] Figs. 5A, 5B, and 5C are top, side cross section, an end cross section views of 

13 an exemplary optical device with an integrated waveguide. 

14 [0012] Figs. 6A, 68, and 6C are top, side cross section, an end cross section views of 

15 an exemplary optical device with an integrated waveguide. 

16 [0013] Fig. 7 illustrates an exemplary spatially selective material processing sequence 

17 for forming an integrated waveguide. 

18 [0014] Fig. 8 is a side view of an exemplary semiconductor laser with an integrated 

19 waveguide. 

20 [0015] Figs. 9A, 98, 9C, and 9D are side views of the ends of exemplary optical device 

21 waveguides including optical coatings. 

22 [0016] Figs. 10 and 1 1 are side views of exemplary semiconductor lasers with 

23 integrated waveguides. 

24 [0017] Figs. 12A and 128 are side and top views, respectively, of an exemplary 

25 semiconductor laser with an integrated waveguide adapted for end-coupling to 

26 an optical fiber. 
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1 [0018] Figs. 13A and 13B are side and top views, respectively, of an exemplary 

2 semiconductor laser with an integrated waveguide adapted for end-coupling to 

3 another optical waveguide. 

4 [0019] Figs. 14A and 14B are side and top views, respectively, of an exemplary 

5 semiconductor laser with an integrated waveguide adapted for side-coupling to 

6 an optical fiber taper segment. 

7 [0020] Figs. 15A and 15B are side and top views, respectively, of an exemplary 

8 semiconductor laser with an integrated waveguide adapted for side-coupling to 

9 another optical waveguide. 

10 [0021] Figs. 16A and 168 are top and side views, respectively, of an exemplary 

11 semiconductor laser with an integrated waveguide at each end thereof. 

12 [0022] Fig. 17 illustrates an exemplary spatially selective material processing 

13 sequence for forming an integrated waveguide. 

14 [0023] Fig. 18 illustrates an exemplary spatially selective material processing 

15 sequence for forming an integrated waveguide. 

16 [0024] Figs. 19A and 198 each illustrates an exemplary spatially selective material 

17 processing sequence for forming an integrated waveguide. 

18 [0025] Figs. 20A and 208 are top views of exemplary optical device waveguides with 

19 non-normal end faces. 

20 [0026] Figs. 21 A and 21 8 are side views of exemplary optical device waveguides with 

21 non-normal end faces. 

22 [0027] Fig. 22 is a top view of an exemplary optical device waveguide with a 

23 non-normal end face and integrated waveguide. 

24 [0028] Figs. 23A and 238 are top views of exemplary optical device waveguides with 

25 curved end faces and integrated waveguides. 

26 [0029] Fig. 24 is a side view of an exemplary optical device waveguide with a curved 

27 end face. 
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1 [0030] Fig. 25 is a top view of an exemplary optical device waveguide witli a curved 

2 non-normal end face and integrated waveguide. 

3 [0031] Fig. 26 is a side view of an exemplary optical device waveguide with a curved 

4 non-normal end face. 

5 [0032] Fig. 27 is a side view of an exemplary optical device waveguide with a curved 

6 non-normal end face. 

7 [0033] Fig. 28 is a top view of an exemplary optical device waveguide with a curved 

8 end face and integrated waveguide. 

9 [0034] Fig. 29 is a side view of an exemplary optical device waveguide with a curved 

10 end face. 

11 [0035] Fig. 30 is a top view of an exemplary optical device waveguide with a flared end 

12 segment and integrated waveguide. 

13 [0036] Fig. 31 illustrates an exemplary spatially selective material processing 

14 sequence for forming an integrated waveguide. 

15 [0037] Fig. 32 illustrates an exemplary spatially selective material processing 

16 sequence for forming an integrated waveguide. 

17 [0038] Fig. 33 illustrates an exemplary spatially selective material processing 

18 sequence for forming an integrated waveguide. 

19 [0039] Fig. 34 illustrates an exemplary spatially selective material processing 

20 sequence for forming an integrated waveguide. 

21 [0040] Fig. 35 illustrates an exemplary spatially selective material processing 

22 sequence for forming an integrated waveguide. 

23 [0041] It should be noted that the relative proportions of various structures shown in 

24 the Figures may be distorted to more clearly illustrate the present invention. Relative 

25 dimensions of various optical devices, optical waveguides, optical fibers, optical 

26 components, optical modes, alignment/support members, grooves, and so forth may be 

27 distorted, both relative to each other as well as in their relative transverse and/or 

28 longitudinal proportions. In many of the Figures the transverse dimension of an optical 
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1 element is enlarged relative to the longitudinal dimension for clarity, which will cause 

2 variations of transverse dimension(s) with longitudinal position to appear exaggerated. 

3 [0042] The embodiments shown in the Figures are exemplary, and should not be 

4 construed as limiting the scope of the present invention as disclosed and/or claimed 

5 herein. 
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1 DETAILED DESCRIPTION OF EMBODIMENTS 

2 [0043] An exemplary embodiment of a semiconductor optical device and an integrated 

3 end-coupled optical waveguide 200 is shown in Figs. 1A/1B. The optical device and 

4 waveguide 200 are each shown as a planar waveguide on semiconductor substrate 

5 wafer 102. For forming the semiconductor optical device, a series of semiconductor 

6 layers are deposited, grown, and/or othen/vise formed on a semiconductor substrate 

7 wafer 102. These layers may include a device functional layer 104 between upper 

8 device layer 106 and lower device layer 108. Device functional layer 104 may provide 

9 active and/or passive optical device functionality. Upper device layer 106 and lower 

10 device layer 108 may each include one or more semiconductor layers adapted in any 

11 suitable manner for providing substantial optical confinement of device optical modes in 

12 vertical directions, and for applying drive or control signals to device functional layer 104 

13 for providing active optical device functionality (if such active functionality is present). In 

14 some instances lower device layer 108 may simply comprise substrate material, with no 

15 actual boundary between layer 108 and substrate 102. Substantial optical confinement 

16 in vertical directions may be achieved in a variety of ways, including but not limited to: 

17 index contrast between layer 104 and layers 106 and/or 108, single-layer and/or multi- 

18 layer reflection from layers 106 and/or 108, and so on. Upper and lower device layers 

19 106/108 may be substantially identical, or may differ (in thickness, index, material(s), 

20 and/or structure) depending on the particular requirements for the optical device. 

21 [0044] Spatially selective material processing steps of any suitable type are employed 

22 for providing substantial optical confinement of device optical modes in lateral 

23 directions, thereby forming a device planar waveguide structure 100. Substantial optical 

24 confinement in lateral directions may be achieved in a variety of ways, including but not 

25 limited to: index contrast between medial and lateral portions of layers 104, 106, and/or 

26 1 08; physical and/or chemical modification of medial and/or lateral portions of layers 

27 104, 106, and/or 108; removal of lateral portions of (I) an upper portion of layer 106, (ii) 

28 layer 106 and an upper portion of layer 104, (ill) layers 106 and 104 and an upper 

29 portion of layer 1 08, or (iv) all of layers 1 04, 1 06. and 1 08 (as in Figs. 2A/2B/2C); 

30 replacement of lateral layer portions thus removed with lower-index lateral cladding 

31 material; single-layer and/or multi-layer reflection from coatings applied to lateral 
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1 surfaces of the device waveguide 100; substantially surrounding portions of the device 

2 waveguide 100 with lower-index media (including vacuum, air, inert gas, encapsulation 

3 media, and so forth); gain guiding by spatially-selective current injection into a 

4 semiconductor laser gain medium; and other suitable means. Spatially selective 

5 material processing steps of any suitable type may be employed for forming an end face 

6 at one or both ends of the device waveguide 100 (only one end face is shown in Figs. 

7 1A/1B and 2A/2B/2C). In Figs. 2A and 2B, the end face 120 is shown formed by simple 

8 termination of the end of device waveguide 100. In Fig. 2C, the end face 120 is shown 

9 adapted for providing improved planarity. The spatially selective material processing 

10 steps employed for providing lateral optical confinement and for providing the device 

1 1 end face(s) may be concurrent or sequential. Multiple semiconductor optical devices 

12 may be fabricated concurrently on a common semiconductor substrate. 

13 [0045] End face 1 20 of the device waveguide 1 00 is formed using spatially selective 

14 material processing steps, particularly such steps as may be implemented on a wafer 

15 scale prior to dividing the wafer Into bars or into individual device chips. An end face 

16 thus formed may also be referred to herein as an etched facet or an etched end face, 

17 although etching processes may comprise only one group among many spatially 

18 selective material processing techniques suitable for forming the end face. Use of the 

19 terms "etched facet" or "etched end face" should not be construed as limiting the scope 

20 of the present disclosure and/or appended claims to only end faces formed by etching. 

21 [0046] In some instances it may be necessary or desirable to provide an optical 

22 coating on end face 120, between device waveguide 100 and integrated end-coupled 

23 waveguide 200. Once end face 120 has been formed on device waveguide 100, one or 

24 more optical coating layers 122 may be applied thereto prior to fabrication of an 

25 integrated end-coupled waveguide 200. Such coating layers are applied using spatially 

26 selective material processing, and may be applied on a wafer scale to the end faces of 

27 many device waveguides simultaneously. Deposition of coating layer(s) 122 onto end 

28 face 1 20 typically results in deposition of coating material(s) on adjacent areas of 

29 substrate 102 and the top of the device waveguide 100 (Fig. 3A). If this is the case, It 

30 may be necessary or desirable in some circumstances to remove (by suitable additional 

31 spatially selective material processing steps) these adjacent areas of coating material 
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1 (Fig. 3B) prior to fabrication of the integrated end-coupled waveguide 200, particularly 

2 coating material deposited on substrate 200. In other circumstances these additional 

3 coating areas may be left intact, and the coating material(s) on substrate 200 may be 

4 incorporated into a proximal end of the integrated end-coupled waveguide 200 upon its 

5 fabrication. 

6 [0047] Once device waveguide 100 and end face 120 have been formed using 

7 spatially selective material processing techniques, and coating layer(s) 122 (if any) 

8 applied to end face 120, an integrated end-coupled planar optical waveguide 200 may 

9 be fabricated on semiconductor substrate wafer 102 (exemplary embodiments are 

10 shown in Figs. 1A/1B, 4A/4B/4C, 5A/5B/5C, and 6A/6B/6C). Integrated waveguide 200 

11 comprises waveguide core 204 and upper and lower waveguide cladding layers 

12 206/208. Upper and lower waveguide cladding layers 206/208 may each include one or 

13 more layers adapted in any suitable way for providing substantial optical confinement of 

14 waveguide optical modes in vertical directions. Substantial optical confinement in 

15 vertical directions may be achieved in a variety of ways, including but not limited to: 

16 index contrast (between core 204 and cladding layers 206 and/or 208), single-layer 

17 and/or multi-layer reflection from layers 206 and/or 208, and so on. Upper and lower 

18 cladding layers 206/208 may be substantially identical, or may differ (in thickness, 

19 index, material(s), and/or structure) depending on the particular requirements for 

20 waveguide 200. Spatially selective material processing steps of any suitable type are 

21 employed for providing substantial optical confinement of waveguide optical modes in 

22 lateral directions. Substantial optical confinement in lateral directions may be achieved 

23 in a variety of ways, including but not limited to: index contrast between medial and 

24 lateral portions of layers 204, 206, and/or 208; physical and/or chemical modification of 

25 medial and/or lateral portions of layers 204, 206, and/or 208; removal of lateral portions 

26 of (i) an upper portion of layer 206, (ii) layer 206 and an upper portion of layer 204, (iii) 

27 layers 206 and 204 and an upper portion of layer 208, or (iv) all of layers 204, 206, and 

28 208; replacement of lateral layer portions thus removed with lower-index lateral cladding 

29 material; single-layer and/or multi-layer reflection from coatings applied to lateral 

30 surfaces of the end-coupled waveguide 200; surrounding (at least in part) portions of 
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1 the end-coupled waveguide 200 with lower-index media (including vacuum, air, inert 

2 gas, encapsulation media, and so forth); and other suitable means. 

3 [0048] The accuracy and precision of spatially selective material processing 

4 techniques enable substantial spatial mode matching of device-supported and 

5 waveguide-supported optical modes, and enable sufficiently accurate alignment of 

6 optical waveguide 200 with respect to the device waveguide 100 in both vertical and 

7 horizontal directions. The required end-coupling efficiency (i.e., end-coupling efficiency 

8 at or above an operationally acceptable level) determines to what extent the device and 

9 waveguide optical modes must be spatially mode matched. The device waveguide 100 

10 and the end-coupled waveguide 200 may be designed to support optical modes that are 

11 substantially spatially mode matched to within the accuracy limits of the spatially 

12 selective material processing steps employed for their fabrication (typically on the order 

13 of 0.2 ^im or better horizontally and 0.1 ^im or better vertically for many such process 

14 steps). The accuracy required for relative lateral and vertical alignment is determined 

15 by the respective device and waveguide transverse mode sizes, and the operationally 

16 acceptable optical coupling level required for a particular use of the device and 

17 integrated waveguide. Alignment accuracy on the order of 0.1 may be required for 

18 alignment of the device waveguide 100 and the integrated waveguide 200 under the 

19 most stringent circumstances (i.e., under operational conditions requiring near-unity 

20 end-coupling efficiencies), and such alignment accuracy is readily attained using 

21 spatially selective material processing techniques. Moreover, spatially selective 

22 material processing techniques may be employed for achieving the required alignment 

23 accuracy on a wafer scale for multiple semiconductor optical device waveguides 100 

24 and corresponding integrated end-coupled optical waveguides 200 on a common 

25 substrate wafer 1 02. 

26 [0049] In an exemplary process for forming an integrated end-coupled optical 

27 waveguide (Fig. 7), a lower waveguide cladding layer 208 is first deposited (after 

28 forming waveguide 100 and end face 120). This typically results in deposition of the 

29 lower cladding material(s) also on the end face 120 (or on any coating layer(s) thereon) 

30 and on the top of at least an end portion of the device waveguide 100. Directional 

31 properties of the deposition process and the orientation of substrate 102 relative to the 



Non-provisional patent application 



12/64 



Filed 01/16/2004 



Mail Label ER314137554US 



Docket No. XPNT36NP 



1 deposition source determine the thickness of the lower cladding material deposited on 

2 the device end face 120 relative to the thickness of the lower waveguide cladding layer 

3 208. For example, the thicknesses may be substantially equal in thickness for a 

4 substantially conformal deposition process on a substrate oriented substantially 

5 perpendicularly relative to the deposition source, while the thicknesses may 

6 substantially differ for a highly directional deposition process. The thickness of the 

7 lower waveguide cladding layer 208 is chosen to achieve substantial vertical alignment, 

8 within operationally acceptable tolerances, between a device-supported optical mode 

9 and a corresponding waveguide-supported optical mode (once fabrication of waveguide 

10 200 is complete). The thickness of lower waveguide cladding layer 208 therefore may 

11 or may not correspond to the thickness of lower device layer 108, depending on the 

12 structural details and optical design of device waveguide 100 and integrated waveguide 

13 200. 

14 [0050] After deposition of lower waveguide cladding layer 208, waveguide core 204 

15 may be deposited over layer 208. This typically results in deposition of the waveguide 

16 core material(s) also on the end face 120 and on the top of at least an end portion of the 

17 device waveguide 100 (over lower cladding material(s) already deposited). As 

18 described in the preceding paragraph, directional properties of the deposition process 

19 and the orientation of substrate 102 relative to the deposition source determine the 

20 thickness of the core material deposited on the device end face 120 relative to the 

21 thickness of the waveguide core layer 204. An upper waveguide cladding layer 206 is 

22 deposited over core 204. This typically results in deposition of the upper cladding 

23 material(s) also on the end face 120 and on the top of at least an end portion of the 

24 device waveguide 100 (over the lower cladding and core material(s) already deposited). 

25 As described in the preceding paragraph, directional properties of the deposition 

26 process and the orientation of substrate 102 relative to the deposition source determine 

27 the thickness of the upper cladding material deposited on the device end face 120 

28 relative to the thickness of the waveguide upper cladding layer 206. Upper waveguide 

29 cladding layer 206 need only be thick enough (or othenA^ise suitably adapted) for 

30 ensuring substantial optical confinement of waveguide optical modes from above. 

31 Portions of layers 208, 204, and/or 206 deposited on device waveguide end face 120 
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1 results on a proximal end segnnent 201 of integrated waveguide 200 that may lack 

2 substantially complete transverse optical confinement of an optical mode. Such a 

3 waveguide segment may result in diffractive optical loss, and may require structural 

4 adaptations of device waveguide 100 and/or Integrated waveguide 200, and/or 

5 adaptations of spatially selective material processing procedures used to form the same 

6 (described further hereinbelow). 

7 [0051] Spatially selective material processing is employed, at one or more stages 

8 during the deposition of layers 204, 206, and/or 208 for providing lateral optical 

9 confinement of waveguide optical modes as described hereinabove. Vertical and lateral 

10 dimensions, positions, and structural details of layers 204, 206, and/or 208 at and near 

11 the proximal end of waveguide 200 (i.e., the end-coupled end adjacent the optical 

12 device waveguide 1 00) are chosen so as to result in the required degree of transverse 

13 alignment and spatial mode matching, within operationally acceptable tolerances, 

14 between device and waveguide optical modes (once the waveguide fabrication is 

15 complete). 

16 [0052] Variations on the generic structure of the semiconductor optical device 

17 waveguide 100 and integrated end-coupled optical waveguide 200 as described 

18 hereinabove, and variations on the generic methods for fabricating the same, are 

19 manifold, and choice of a particular structure and/or fabrication method depends on the 

20 particular structural and/or performance requirements, design constraints, cost and/or 

21 other manufacturing restrictions, and so forth that may apply for a given semiconductor 

22 optical device and/or Its fabrication and/or its use. A sampling of various exemplary 

23 semiconductor optical devices, uses thereof, and corresponding variations In structure 

24 and/or fabrication methods thereof, is set forth hereinbelow. Variations of structure 

25 and/or fabrication of a semiconductor optical device and Integrated end-coupled optical 

26 waveguide not explicitly set forth hereinbelow may nevertheless fall within the scope of 

27 the present disclosure and/or the appended claims. 

28 [0053] Various spatially selective material processing procedures used to form end 

29 face 120 may not typically yield a substantially flat substantially vertical end face, but 

30 may instead leave a protrusion or "foot" 120a at the base of the end face, as shown 
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1 schematically in Fig. 31 . In some instances a trench may instead be formed in the 

2 substrate near the base of end face 1 20, or a combination of a trench and a foot may be 

3 formed. The particular size and/or shape of the foot and/or trench depends on the 

4 particular spatially selective material processing technique(s), and the particular 

5 parameters thereof, employed for forming the end face. Such dependencies of the 

6 size/shape of a foot/trench may be readily characterized and reproduced by those 

7 skilled in the art of spatially selective material processing. The presence of such a foot 

8 and/or trench at or near the base of the end face 1 20 may complicate the accurate 

9 deposition of layers for forming integrated end-coupled waveguide 200, particularly at 

10 the proximal end thereof. As seen in the bottom portion of Fig. 31, the proximal portion 

11 of waveguide core 204 may not line up properly with device waveguide 100 when a foot 

12 120a is present. 

13 [0054] Various spatially selective material processing procedures may not typically 

14 yield deposited layers of substantially uniform thickness near end face 1 20. Many such 

15 procedures yield material layers that decrease in thickness toward the base of the end 

16 face, as shown schematically in Fig. 32. The decrease in layer thickness may become 

17 more pronounced as the spatially selective material processing deviates from 

18 substantial conformality. The particular size and/or shape of the decreasing layer 

19 thickness depends on the particular spatially selective material processing technique(s), 

20 and the particular parameters thereof, employed for forming the layer. Such 

21 dependencies of the decreasing layer thickness may be readily characterized and 

22 reproduced by those skilled in the art of spatially selective material processing. A lower 

23 cladding layer 208 that decreases in thickness near end face 120 may complicate the 

24 accurate deposition of subsequent layers for forming integrated end-coupled waveguide 

25 200, particularly the proximal end thereof. As seen in the bottom portion of Fig. 32, the 

26 proximal portion of waveguide core 204 may not line up properly with device waveguide 

27 1 00 if the waveguide layer thicknesses decrease near the end face 1 20. 

28 [0055] These complications in a fabrication procedure for integrated end-coupled 

29 waveguide 200 may be suitably adapted to mitigate the effects of one another. A 

30 suitably configured foot 120a may be intentionally formed and shaped at the base of the 

31 end face 120 of device waveguide 100, so as to substantially compensate for non- 
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1 uniform layer deposition near the end face. Conversely, a deposition process may be 

2 intentionally contrived to yield a non-uniform layer thickness near end face 120, so as to 

3 substantially compensate for the size and shape of the foot 120a. Alternatively, the size 

4 and shape of a foot 120a at the base of end face 120 and the non-uniformity of the 

5 deposition process may be optimized together so as to substantially compensate for 

6 each other. Fig. 33 illustrates such an adapted procedure, in which the upper surface of 

7 lower waveguide cladding layer 208 is substantially flat as a result of a) the presence of 

8 foot 120a at the base of the end face 120 of the device waveguide 100, and b) 

9 decreasing deposited layer thickness of lower waveguide cladding layer 208 near the 

10 end face. If the size and shape of the foot 1 20a are properly chosen and formed, based 

1 1 on the behavior of the deposition process used to form layer 208 and the desired 

12 thickness of layer 208, the upper surface of layer 208 may be made substantially flat up 

13 to a point closer to the end face than if the entire end face were substantially flat and 

14 vertical. Conversely, if the deposition process for end-coupled waveguide 200 is 

15 suitably contrived, based on the size and shape of the foot 120a and the desired 

16 thickness of layer 208, the upper surface of layer 208 may be made substantially flat up 

17 to a point closer to the end face than if the layer deposition were substantially uniform. 

18 The size and shape of foot 120a and the layer deposition process may be optimized 

19 together for achieving a substantially flat upper surface of layer 208. Such 

20 compensation facilitates fabrication of integrated end-coupled waveguide 200 for 

21 achieving operationally acceptable levels of spatial mode-matching, optical power end- 

22 transfer efficiency, and so forth. 

23 [0056] Fig. 34 illustrates schematically the formation of lower waveguide cladding layer 

24 208 over foot 120a of the device waveguide end face 120. Early in the deposition 

25 (before the optimum layer thickness is reached; the first stage of the deposition process 

26 shown in Fig. 34), the presence of foot 120a dominates over the thinner deposition near 

27 the end face, and the upper surface of layer 208 curves upward near the end face. Late 

28 in the deposition process (beyond the optimum layer thickness; the last stage of the 

29 deposition process shown in Fig. 34), the non-uniformity of the deposition process near 

30 the end face 120 dominates over the presence of foot 120a, and the upper surface of 

31 layer 208 curves downward near the end face. At some intermediate point (I.e., the 
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1 optimum layer thickness; the middle stage of the deposition process shown in Fig. 34), 

2 the upper surface of layer 208 is substantially flat as it approaches the end face 1 20. 

3 The size and shape of foot 120a may be suitably formed, the deposition of layer 208 

4 may be suitably adapted, and/or the device waveguide 100 may be suitably formed, so 

5 that the optimum thickness for layer 208 (i.e., the thickness that yields a substantially 

6 flat upper surface thereof) corresponds to the desired thickness for layer 208 to 

7 substantially align the integrated end-coupled waveguide 200 (once it is formed) with 

8 device waveguide 100. 

9 [0057] Among numerous exemplary types of spatially selective material processing 

10 techniques that may be employed within the scope of the present disclosure for forming 

11 end face 120 are dry etching techniques, such as ion etching, reactive ion etching, and 

12 so forth. In these techniques, an edge of an etch mask typically defines end face 120, 

13 and bombardment by ions removes material from the adjacent unmasked area to form 

14 the end face. These techniques typically do not yield a substantially perpendicular 

15 intersection between the substantially vertical end face and a substantially flat adjacent 

16 portion of the substrate surface, but may instead may form a trench near the base of the 

17 end face, a protruding foot near the base of the end face, or both (as described 

18 hereinabove). The particular size and/or shape of the trench and/or foot is determined 

19 by the particular processing conditions and the particular etching tools employed, and 

20 these may be readily characterized and reproduced by those skilled in the art. 

21 Examples of processing conditions that may be varied and/or calibrated for controlling 

22 the formation by etching of end face 120 and foot 120a may include one or more of, but 

23 are not limited to: reactive and/or non-reactive ion species (identity of single ion species; 

24 identity and composition of ion mixtures); ion density(ies); ion energy(ies); gas flow 

25 rate(s); chamber pressure; substrate temperature; geometry of ion source(s) and target 

26 substrate; and so forth. In addition to these exemplary etching processes, other 

27 suitable types of spatially selective material processing, and varying processing 

28 conditions therefor, may be employed for forming end face 120 and foot 120a and for 

29 controlling the size and/or shape thereof, while remaining within the scope of the 

30 present disclosure. 



Non-provisional patent application 



17/64 



Filed 01/16/2004 



Mail Label ER314137554US 



Docket No. XPNT36NP 



1 [0058] Among numerous exemplary types of spatially selective material processing 

2 techniques, that may be employed within the scope of the present disclosure for forming 

3 layers 204/206/208 of waveguide 200, are various material deposition techniques, such 

4 as vacuum evaporation, sputter deposition (reactive and non-reactive), molecular beam 

5 epitaxy, chemical vapor deposition, plasma-enhanced chemical vapor deposition, 

6 photochemical vapor deposition, laser chemical vapor deposition, metal-organic 

7 chemical vapor deposition, and so forth. The particular set of deposition conditions 

8 employed for these techniques may be varied and/or calibrated for controlling the 

9 conformality of the deposition (or deviation therefrom). Many of these deposition 

10 techniques typically produce layers of decreasing thickness near the base of a vertical 

11 end face (as described hereinabove), even when optimized for maximal conformality. 

12 The degree of layer non-uniformity, and the distances from the end face over which the 

13 layer thickness may vary, are typically dependent on the particular deposition technique 

14 used and processing conditions employed therefor. These may be readily 

15 characterized and reproduced by those skilled in the art. Examples of processing 

16 conditions that may be varied for controlling the formation of end face 120 and foot 120a 

17 include one or more of, but are not limited to: chemical precursor species employed 

18 (identity of single precursor species; identity and composition of precursor mixtures); 

19 gas flow rate(s); chamber pressure; deposition substrate temperature; RF power(s) 

20 and/or frequency(ies) for plasma-enhanced processes; sputtering ion source(s); 

21 sputtering ion energy(ies); sputtering target composition; sputtering target temperature; 

22 reactive ion density(ies) and/or energy(ies); geometry of deposition substrate, 

23 deposition source(s), sputtering target, and/or sputtering source(s); and so forth. In 

24 addition to these deposition processes, other suitable types of spatially selective 

25 material processing, and varying processing conditions therefor, may be employed for 

26 forming layers 204, 206, and/or 208, and for controlling the thickness variation(s) 

27 thereof, while remaining within the scope of the present disclosure. 

28 [0059] A given implementation of the compensation scheme described in the 

29 preceding paragraphs is typically dependent on the particular spatially selective material 

30 processing techniques employed, the processing conditions employed for those 

31 techniques, and may even vary among individual fabrication apparatus used for those 
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1 techniques. Accordingly, implementation of the compensation scheme by those skilled 

2 in the art of spatially selective material processing may typically involve a significant 

3 degree of characterization of the processes used, the processing conditions thereof, 

4 and the size and shape of structures formed thereby. For example, an etching process 

5 used to form end face 120 and foot 120a might be performed on test structures using a 

6 given apparatus under ranges of etching conditions, and the resulting structures 

7 examined to determine which set of conditions produced the most suitable size and 

8 shape for foot 120a. That set of conditions could then be used for producing end faces 

9 each having a foot of the selected size and shape. The characterization process may 

10 typically be repeated for another apparatus (even one performing nominally the same 

11 etching procedure as the first), or even for the first apparatus after a cleaning, overhaul, 

12 upgrade, or other modification. In an analogous example, a deposition process used for 

13 forming one or more of layers 204/206/208 might be performed on test structures using 

14 a given apparatus under ranges of deposition conditions, and the resulting structures 

15 examined to determine which set of conditions produced the most suitable layer 

16 thickness variation. That set of conditions could then be used for producing layers 

17 having the selected thickness variation. As with the etching of the end face 120, the 

18 characterization may typically be repeated for a different apparatus, or for the first 

19 apparatus after any significant change or maintenance thereof. In another example, the 

20 preceding characterization processes may be combined, with various sizes and shapes 

21 for foot 120a being subjected to varying deposition conditions, and selecting the 

22 combination of etching and deposition conditions yielding the most suitable overall 

23 structure for end face 120. foot 120a, and layers 204, 206, and/or 208. Any such 

24 characterization of spatially selective material processing techniques, and conditions 

25 therefor, for yielding suitable structures shall fall within the scope of the present 

26 disclosure. 

27 [0060] While the foregoing exemplary procedures have shown adaptations for yielding 

28 a substantially flat upper surface for lower waveguide cladding layer 208, it may be 

29 desirable in some circumstances to instead optimize the overall fabrication procedure 

30 for waveguide 200 to yield a substantially flat upper surface for some other layer or 

31 structure, such as waveguide core 204 or upper waveguide cladding layer 206. 
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1 Alternatively, it may be desirable in other circumstances to form one or more layer 

2 surfaces that are not substantially flat, but are curved to achieve some desired design 

3 characteristic and/or optical performance. The size and/or shape of foot 120a, and/or 

4 the deposition of one or more of layers 204/206/208, may be adapted in any suitable 

5 manner to yield a desired layer configuration for waveguide 200 while remaining within 

6 the scope of the present disclosure. It should be noted that the compensation scheme 

7 described in the preceding paragraphs (a foot on the etched facet and non-uniform layer 

8 deposition compensating for one another to form a substantially fiat layer surface) may 

9 be combined with various other structures and/or fabrication techniques described 

10 herein. 

11 [0061] A specific exemplary embodiment of a semiconductor optical device and 

12 integrated end-coupled optical waveguide is illustrated in Fig. 8. A semiconductor laser 

13 is shown comprising a planar laser waveguide 300 on semiconductor substrate 302, the 

14 planar laser waveguide 300 comprising upper and lower laser confinement layers 306 

15 and 308, respectively, surrounding laser active layer 304. Laser confinement layers 

16 306/308 may often provide both optical confinement of semiconductor laser optical 

17 modes as well as charge carrier confinement for localizing optical gain within the 

18 semiconductor laser. Semiconductor laser 300 may typically comprise a Ili-V 

19 semiconductor laser, with active laser layer 304 comprising a lll-V semiconductor multi- 

20 quantum well. Many other suitable semiconductor materials and/or structures may be 

21 alternatively employed for layers 304, 306, and/or 308. After spatially selective material 

22 processing to form laser planar waveguide 300 with end face 320, and application of 

23 any optical coating(s) on end face 320 (if needed or desired; not shown in Fig. 8), an 

24 end-coupled integrated planar optical waveguide 330 may be formed comprising a 

25 silicon nitride core 334 and silica-based cladding layers 336/338. Other waveguide core 

26 and/or cladding materials may be alternatively employed for forming waveguide 330. 

27 The thickness of lower waveguide cladding layer 338 may be chosen so as to 

28 substantially align (within operationally acceptable tolerances) core 334 with active laser 

29 layer 304. Vertical and lateral dimensions of core 334 near the proximal end of 

30 waveguide 330 are chosen to achieve the required degree of spatial mode matching 

31 (within operationally acceptable tolerances). As an example, a transverse mode 
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1 supported by a lll-V semiconductor laser gain medium may be about 1 |am high by 

2 about 2-3 |Lim wide. A silicon nitride core about 50-200 nm thick by about 2-3 lum wide 

3 within silica-based cladding would support a transverse mode substantially spatial-mode 

4 matched with the mode of the semiconductor gain medium. 

5 [0062] Semiconductor laser waveguide 300 may include at its other end a second end 

6 face 310. End face 310 of the semiconductor laser waveguide 300 may be formed 

7 using spatially selective material processing steps on a wafer scale, and may be formed 

8 concurrently or sequentially relative to end face 320. Alternatively, laser end face 31 0 

9 may be formed by cleaving or otherwise dividing the semiconductor substrate wafer 

10 (into bars or into individual device chips; not shown in Fig. 8). However it is formed, end 

11 face 310 may serve as a laser resonator end mirror. In order to function as a laser end 

12 mirror, the reflectivity of end face 310 must be sufficiently large at the laser wavelength 

13 for enabling the semiconductor laser to reach threshold and achieve laser oscillation. 

14 Index contrast between laser waveguide 300 and its surroundings may provide 

15 sufficient reflectivity, or end face 310 may be provided with a coating sufficiently 

16 reflective for the laser wavelength. Transmission at the lasing wavelength results in 

17 laser output through end face 310 upon laser oscillation. This may be a primary or a 

18 secondary output of the semiconductor laser; if the secondary output, it may simply 

19 dissipate or it may be used for monitoring the operation of the semiconductor laser or 

20 for some other purpose. If the reflectivity of end face 310 is sufficiently large, laser 

21 output therethrough may be substantially eliminated. A reflective coating for end face 

22 310 may be applied to all of the multiple semiconductor lasers formed on a common 

23 semiconductor substrate wafer 302 (wafer-scale coating), if end face 310 is also formed 

24 by wafer scale spatially selective material processing. Alternatively, any reflective 

25 coating on end face 310 (however it is formed) may be applied to rows of multiple 

26 semiconductor lasers after dividing the common substrate wafer into strips each having 

27 a single row of lasers thereon (i.e., at the "bar" level, as opposed to the "wafer" level), or 

28 may be applied to individual semiconductor lasers after dividing the common substrate 

29 wafer into individual laser chips. 

30 [0063] Prior to fabrication of end-coupled waveguide 330. end face 320 of 

31 semiconductor laser waveguide 300 may be coated in any suitable manner to achieve 
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1 desired laser output and/or performance characteristics (coating layer(s) 322 shown in 

2 Figs. 9A/9B/9C/9D). A partially reflective coating (at the laser wavelength) may be 

3 applied, so that end face 320 may serve as an output coupling mirror of a 

4 semiconductor laser resonator while transmitting laser output therethrough. End face 

5 310 serves as the other laser resonator mirror, and the laser waveguide 300 comprises 

6 the entire semiconductor laser optical resonator. End-coupled waveguide 330 in this 

7 instance serves to receive the output of the semiconductor laser transmitted through 

8 end face 320 (either a primary or a secondary output of the laser), which propagates 

9 from the laser 300 through the waveguide 330 to its Intended destination (described 

10 further hereinbelow). Any suitably reflective coating may be employed on end face 320. 

11 A series of alternating quarter-wave coating layers may be employed as a reflective 

12 coating for end face 320, for example. Other reflective coatings may be equivalently 

13 employed. Application of coating layers during wafer scale processing may typically 

14 also result in deposition of coating material on adjacent areas of the semiconductor 

15 substrate wafer 302 and/or the top of the laser waveguide 300 (Fig. 9A). One or more 

16 of these (presumably) unwanted areas of coating material may be removed prior to 

17 deposition of lower waveguide cladding layer 338 (using additional spatially selective 

18 material processing steps; Fig. 9B), or may be left in place (the reflective coating area 

19 on the substrate 302 therefore forming a portion of lower waveguide cladding layer 338 

20 near end face 320 upon fabrication of waveguide 330; Fig. 9C or 9D). 

21 [0064] Instead of forming a substantially complete laser optical resonator (including 

22 laser resonator end mirrors on both of end faces 310 and 320), the laser waveguide 300 

23 may instead form only a portion of the semiconductor laser optical resonator. The 

24 integrated end-coupled planar waveguide 330 may be configured so as to also form a 

25 portion of the laser optical resonator. End face 310 may function as one laser resonator 

26 end mirror, while a portion of the integrated end-coupled waveguide 330 is suitably 

27 adapted to serve as the other laser resonator end mirror. One such adaptation may 

28 include a partially or totally reflecting distal end face 332 of waveguide 330 (Fig. 1 0). 

29 Another such adaptation may include a waveguide grating 340 provided along at least a 

30 portion of waveguide 330 (Fig. 11). Such a waveguide grating provides wavelength 

31 selective reflectivity for the semiconductor laser resonator mirror, thereby stabilizing the 
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1 output wavelength of the laser. Additional optical functionality for the semiconductor 

2 laser may be incorporated into waveguide 330, including but not limited to: modification, 

3 selection, suppression, control, and/or modulation of laser transverse modes; 

4 modification, control, and/or modulation of laser longitudinal mode frequencies; 

5 modification, control, and/or modulation of optical loss within the laser resonator; and so 

6 forth. 

7 [0065] For laser embodiments in which waveguide 330 forms a portion of the laser 

8 resonator, end face 320 may be provided with an anti-reflection coating 322 (prior to 

9 fabrication of waveguide 330). An anti-reflection coating may serve to reduce or 

10 eliminate laser oscillation arising from reflection at end face 320. Such an anti-reflection 

11 coating may simply comprise a single quarter-wave- thickness layer of material having 

12 an index intermediate between that of the laser waveguide 300 and the integrated 

13 waveguide 330 (a silicon nitride TJA layer between a lll-V semiconductor laser 

14 waveguide 300 and a silica-clad, silicon-nitride-core waveguide 330, for example). 

15 More complex anti-reflection coatings may be equivalently employed. As with the 

16 deposition of reflective coating layers described hereinabove, anti-reflection coating 

17 material is typically deposited on adjacent areas of the substrate 302 and the top of the 

18 laser waveguide 300 along with end face 320 (as in Fig. 9A). The coating material may 

19 be removed from substrate 302 prior to deposition of lower waveguide cladding layer 

20 338 (using additional spatially selective material processing steps; Fig. 9B), or may be 

21 left in place and therefore form a portion of lower cladding layer 338 near end face 320 

22 (upon fabrication of waveguide 330; Fig. 9C or 9D). For other laser embodiments in 

23 which waveguide 330 forms a portion of the laser resonator, some degree of reflection 

24 from end face 320, in addition to laser end mirror reflectivity provided by waveguide 

25 330, may impart desirable laser output and/or operating characteristics. Such 

26 reflectivity may be simply provided by index contrast between laser waveguide 300 and 

27 integrated end-coupled waveguide 330, or may be provided in a more specifically 

28 designed manner by application of appropriate coating layer(s) 322 to end face 320 

29 (prior to fabrication of waveguide 330). As with the deposition of reflective and anti- 

30 reflective coating layers described hereinabove, such coating layer(s) are typically 

31 deposited on adjacent areas of the substrate 302 and the top of the laser waveguide 
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1 300 along with end face 320 (Fig. 9A). The coating material may be removed from 

2 substrate 302 prior to deposition of lower waveguide cladding layer 338 (using 

3 additional spatially selective material processing steps; Fig. 9B), or may be left in place 

4 and therefore form a portion of lower cladding layer 338 near end face 320 (upon 

5 fabrication of waveguide 330; Fig. 9C or 9D). 

6 [0066] The presence of lower cladding material between the proximal end of core 204 

7 and the end face of device waveguide 100, and core material extending upward from 

8 the proximal end of the core (as in Fig. 7), may be suitably adapted to modify the overall 

9 effective reflectivity between the device waveguide and integrated waveguide 200. The 

10 depth and conformality of the deposition process for lower cladding 208 may be 

11 adjusted to provide a desired thickness for the lower cladding material between the 

12 device end face and the upwardly extending core material. If reduced reflectivity at the 

13 end face is desired, this desired thickness may be chosen so as to result in partial 

14 destructive interference between light reflected from the end face and light reflected 

15 from the upwardly extending core material. Conversely, if enhanced reflectivity is 

16 desired, the desired lower cladding material thickness may be chosen so as to result in 

17 partial constructive interference between the two reflections. In either case the 

18 interference typically would be only partial, since the reflected amplitudes may differ, 

19 and since the upwardly extending core material would not reflect light entering/exiting 

20 the lower portion of the device end face. Choosing the cladding material thickness for 

21 either minimizing or maximizing the effective reflectivity of the end face and core 

22 material also serves to reduce the variation of effective reflectivity with wavelength. 

23 [0067] An integrated end-coupled waveguide may be provided for a semiconductor 

24 laser or other semiconductor optical device to serve a variety of purposes. For 

25 example, mode sizes within the typically high-index laser waveguide 300 are typically 

26 quite small (in at least the vertical dimension). End-coupled solutions (i.e., those not 

27 ' employing an integrated waveguide as disclosed herein) generally impose stringent 

28 tolerances (on the order of 0.1 |Lim) for accuracy and stability of relative alignment of the 

29 laser, transmission component, and any required intervening focusing optics, or else 

30 achieve low coupling efficiencies (less than 20% or even 10% in some cases). Side- 

31 coupled solutions (also referred to as transverse-transfer or evanescent optical coupling 
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1 or directional coupling) between waveguides of widely differing modal indices (around 3 

2 for a lll-V semiconductor laser, around 1 .5 for silica based optical waveguides and 

3 fibers) may be problematic due to modal index mismatch. An integrated end-coupled 

4 waveguide may mitigate these various difficulties and facilitate transfer of laser output 

5 power from a semiconductor laser into an optical transmission system. 

6 [0068] For end-coupling between a semiconductor laser and an optical transmission 

7 component (Figs. 12A/12B and 13A/13B), the integrated end-coupled waveguide 330 

8 may be adapted at its proximal end to be substantially spatially mode matched with 

9 laser waveguide 300 (as described hereinabove), and adapted along its length for 

10 transverse expansion of the optical mode. Alignment between laser waveguide 300 and 

11 integrated waveguide 330 is pre-determined by the spatially selective material 

12 processing techniques employed for fabricating waveguide 330 (and is therefore 

13 typically well within operationally acceptable limits), while integration of waveguide 330 

14 onto a common substrate 302 with laser waveguide 300 substantially eliminates issues 

15 of position stability therebetween. Waveguide 330 may be adapted along at least a 

16 portion of its length for transverse optical mode expansion, so that the laser output 

17 emerges from a distal end face 332 of waveguide 330 with decreased divergence and 

18 increased transverse extent relative to the optical mode at the proximal end of 

19 waveguide 330 (i.e., at end face 320 of semiconductor laser waveguide 300). 

20 Alignment tolerances and position stability requirements for end-coupling the 

21 semiconductor laser (via waveguide 330) to an optical transmission component, such as 

22 an optical fiber or optical waveguide, may therefore be considerably relaxed by suitable 

23 adaptation of waveguide 330, relative to tolerances currently required for achieving 

24 comparable coupling efficiency for a laser without a mode-expanding integrated 

25 waveguide. 

26 [0069] An exemplary semiconductor laser as shown in Figs. 12A/12B and 13A/13B 

27 may include a lll-V semiconductor laser waveguide 300 and an integrated waveguide 

28 330 having a silicon nitride core 334 within or on a silica-based secondary core 334' and 

29 silica or silica-based cladding 336/338. A typical transverse mode size at end face 320 

30 may range between about 1 ^im and about 4 |Lim wide and between about 0.5 \xm high 

31 and about 2 \xm high. The transverse dimensions of silicon nitride core 334 at the 
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1 proximal end of integrated waveguide 330 may be designed and fabricated to achieve 

2 an operationally acceptable degree of spatial mode matching between laser waveguide 

3 300 and integrated waveguide 330. Silicon nitride core 334 may therefore range 

4 between about 50 nm and about 200 nm thick, typically between about 80 nm and 

5 about 120 nm thick, often about 100 nm thick, and may therefore range between about 

6 1 |a,m wide and about 4 |im wide, typically between about 1 .5 ^im wide and about 3 lum 

7 wide, often about 2 |im wide. At least one transverse dimension of the silicon nitride 

8 core 334 (often the width) gradually decreases with the distance from end face 320 

9 along waveguide 330 and the core eventually terminates. The transverse dimensions of 

10 secondary core 334' may be designed and fabricated to achieve an operationally 

1 1 acceptable degree of spatial mode matching at the distal end of waveguide 330 with 

12 fiber 401 (Figs. 12A/12B) or waveguide 404 (on substrate 402; Figs. 13A/13B; cores 

13 334/334' not shown). The transverse dimensions of secondary core 334' may remain 

14 substantially constant along the length of waveguide 330. As the silicon nitride core 

15 gradually tapers away, the transverse mode size supported by waveguide 330 gradually 

16 increases from about 1 inm high by about 2 iim wide (for example), supported by the 

17 silicon nitride core 334 at the proximal end of waveguide 330, to about 2-3 |im high by 

18 about 4-6 |am wide or larger, supported by suitably-sized secondary core 334' at the 

19 distal end of waveguide 330 (a silica-based core about 0.5-1 .5 jam high and about 4-8 

20 |am wide within silica-based cladding, for example). Transverse mode sizes in this 

21 range may be more readily end-coupled to an optical fiber 401 (shown positioned in a 

22 V-groove 301 on substrate 302 in Figs 12A/12B), planar optical waveguide 404 on a 

23 waveguide substrate 402 (shown "flip-chip" mounted in Figs. 13A/13B; alignment/ 

24 support structures not shown), or other optical transmission component with relaxed 

25 alignment tolerances and/or greater coupling efficiency, as compared to a 

26 semiconductor laser lacking such a mode expander. 

27 [0070] Such mode expansion functionality for end-coupling may be provided by 

28 waveguide 330 regardless of whether it forms part of the semiconductor laser resonator 

29 or not. If integrated waveguide 330 does form part of the semiconductor laser 

30 resonator, transverse mode expansion may be provided along a portion of waveguide 

31 330 within the semiconductor laser resonator, along a portion of waveguide 330 outside 
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1 the semiconductor laser resonator, or along portions both within and outside the 

2 semiconductor laser resonator. Distal end face 350 of waveguide 330 may be provided 

3 with an anti-reflection coating, if needed or desired, whether or not waveguide 330 

4 forms a portion of the semiconductor laser resonator. Alternatively, if waveguide 330 

5 does form a portion of the semiconductor laser resonator, and if resonator end-mirror 

6 reflectivity is not otherwise provided, distal end face 350 of waveguide 330 may be 

7 provided with a partially-reflective coating (at the laser wavelength), and may therefore 

8 serve as a semiconductor laser resonator output coupling mirror. A coating applied to 

9 distal end face 350 may be applied on a wafer scale to multiple waveguides 330 

10 simultaneously (in a manner similar to coatings applied to end faces 310 and/or 320 on 

11 a wafer scale, as described hereinabove). Alternatively, coatings may be applied to end 

12 face 350 at the "bar" level or at the individual laser "chip" level. 

13 [0071] Transverse mode expansion along waveguide 330 may result in leakage of a 

14 fraction of the transmitted optical power into substrate 302, particularly from low-index 

15 materials of waveguide 330 into a high-index semiconductor substrate 302. Such 

16 optical loss may be kept within operationally acceptable levels in a variety of ways within 

17 the scope of the present disclosure. It may be possible to provide a sufficiently thick 

18 lower cladding layer for waveguide 330 so that optical leakage therefrom into substrate 

19 302 is sufficiently reduced or substantially eliminated. It may be possible to reduce the 

20 overall length of beam-expanded portion of waveguide 330 so as to reduce the total 

21 optical power lost into the substrate. Additional measures may be implemented for 

22 reducing the degree of optical power loss due to substrate leakage. 

23 [0072] A reflective layer (metallic, multilayer, or other; described further hereinbelow) 

24 may be deposited on substrate 302 prior to deposition of the lower cladding layer 338. 

25 Optical power reaching the reflective layer is thereby substantially prevented from 

26 leaking into substrate 302. In some instances, instead of employing a reflective film, it 

27 may be possible to rely on reflection (at high or grazing angles of incidence) at the lower 

28 cladding/substrate interface to at least reduce the amount of optical power leakage into 

29 a higher-index substrate 302 (so-called "anti-guiding"). A two-level, two-core 

30 configuration (not shown) may be employed for waveguide 330, in which a proximal end 

31 portion of waveguide 330 and a lower proximal lower core thereof are adapted for end- 
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1 coupling with a semiconductor laser 300, while a distal end portion of waveguide 330 

2 and an upper distal core thereof are adapted for end-coupling to an optical fiber or to an 

3 other planar waveguide. Along an intermediate portion of the waveguide 300, both 

4 lower and upper cores are present, and are adapted for transverse-transfer or optical 

5 power therebetween (i.e., optical transverse-coupling, side-coupling, or directional 

6 coupling). The transverse transfer may be substantially modal-index-matched mode- 

7 interference transverse-coupling, or may be substantially adiabatic transverse-coupling. 

8 The distal core may be suitably adapted for providing the desired degree of beam 

9 expansion, presumably with less leakage of optical power into substrate 302 due to the 

10 thicker lower cladding layer. Stability of such a two-level, two-core arrangement is 

11 ensured by the monolithic formation of the two cores within a common waveguide. 

12 Other adaptations and/or configurations may be equivalently employed for reducing 

13 leakage of optical power from an integrated waveguide into an underlying 

14 semiconductor device substrate while remaining within the scope of the present 

15 disclosure. 

16 [0073] For side-coupling between a semiconductor laser and an optical transmission 

17 component, the integrated end-coupled waveguide 330 may be adapted at its proximal 

18 end to be substantially spatially mode matched with laser waveguide 300 (as described 

19 hereinabove), and suitably adapted along at least a portion of its length for facilitating 

20 transverse-transfer of optical power (as taught in U.S. Patent Application Pub. No. 

21 2003/0081902). It is typically the case that adaptations required for efficient transverse- 

22 transfer of optical power may be more readily implemented for integrated waveguide 

23 330 than for laser waveguide 300. For example, use of silica-based material(s) for 

24 fabricating waveguide 330 yields modal indices within waveguide 330 nearly matched to 

25 a corresponding modal index of a side-coupled silica-based optical transmission 

26 component, such as an optical fiber taper segment 501 (Figs. 14A/14B), a silica-based 

27 planar waveguide 504 on a substrate 502 (laser shown "flip-chip" mounted in Figs. 

28 15A/15B; alignment/support structures not shown), or other low-index transmission 

29 component. Modal-index-matched (equivalently, mode-interference-coupled) 

30 transverse-transfer may therefore be more readily achieved than between such low- 

31 index optical transmission components and the lll-V laser waveguide 300. Alternatively, 



Non-provisional patent application 



28/64 



Filed 01/16/2004 



Mail Label ER314137554US 



Docket No. XPNT36NP 



1 a dispersion-engineered multi-layer reflector waveguide structure may be employed for 

2 waveguide 330, enabling modal index matching to low-index optical transmission 

3 components from lll-V waveguide material. Incorporation of electro-optic, electro- 

4 absorptive, and/or non-linear optical materials into waveguide 330 may enable 

5 modification, control, and/or modulation of modal index matching (and therefore also 

6 transverse optical power transfer) between integrated end-coupled waveguide 330 and 

7 a side-coupled optical transmission component. In other exemplary embodiments, 

8 integrated waveguide 330 and/or the optical transmission component may be adapted 

9 for enabling substantially adiabatic transverse-transfer (Figs. 14A/14B and 15A/15B). 

10 The variation in optical properties along the length of waveiguide 330 for enabling 

11 adiabatic transverse-transfer may be more readily implemented on waveguide 330 than 

12 directly on laser waveguide 300. 

13 [0074] If waveguide 330 forms a portion of the semiconductor laser resonator, then the 

14 portion of waveguide 330 adapted for transverse-coupling (modal-index-matched or 

15 adiabatic) may be positioned outside the semiconductor laser resonator (i.e., distal of 

16 the portion of waveguide 330 providing resonator end mirror reflectivity). Alternatively, a 

17 portion of the optical transmission component (typically a planar waveguide 504 as in 

18 Figs. 15A/15B) may also form a portion of the semiconductor resonator and provide 

19 resonator end mirror reflectivity, in which case the portions of waveguide 330 and the 

20 planar transmission waveguide 504 adapted for transverse-coupling would be within the 

21 semiconductor laser resonator. In this latter example the semiconductor laser would not 

22 operate until sufficiently large (i.e., sufficiently low-loss) transverse-transfer is 

23 established between waveguide 330 and the planar transmission waveguide 504. 

24 [0075] In some exemplary embodiments of a semiconductor laser including an 

25 integrated end-coupled waveguide, the integrated waveguide 330 may be present for 

26 modifying, controlling, and/or modulating the output of the semiconductor laser, while 

27 the primary laser output exits the semiconductor laser through end face 310 of 

28 semiconductor laser waveguide 300. In such embodiments the adaptations described 

29 hereinabove for distal end-coupling (to a transmission optical component), mode 

30 expansion, side-coupling, modal index matching, or adiabatic side-coupling typically 

31 would not be necessary. Those adaptations necessary for enabling at least a portion of 
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1 waveguide 330 to form at least a portion of the semiconductor laser resonator and for 

2 modifying the laser output may be incorporated into waveguide 330, such adaptations 

3 including but not limited to: waveguide grating(s), reflective and/or anti-reflective 

4 coating(s), transverse mode selector(s) and/or suppressor(s), and so forth. In some of 

5 these embodiments a secondary laser output may exit the semiconductor laser via 

6 waveguide 330, which may simply dissipate or which may be used for monitoring the 

7 operation of the semiconductor laser or for some other purpose. 

8 [0076] In some exemplary embodiments of a semiconductor laser including a first 

9 integrated end-coupled waveguide 330, a second integrated end-coupled waveguide 

10 370 may be formed on semiconductor laser substrate 302 and end-coupled to 

11 semiconductor laser waveguide 300 at end face 310 (Figs.16A/16B). Spatially selective 

12 material processing may be employed for forming end face 310 and fabricating 

13 integrated waveguide 370 in manners similar to those employed for forming end face 

14 320 and integrated waveguide 330, and end face 310 and/or integrated waveguide 370 

15 may include suitable adaptations thereof for providing various functionalities and/or 

16 capabilities similar to those described above for end face 320 and/or integrated 

17 waveguide 330. The spatially selective material processing steps employed for forming 

18 laser waveguide 300, end faces 310 and 320, and waveguide 330 and 370, may be 

19 concurrent or sequential, and may be performed on a wafer scale for simultaneous 

20 fabrication of multiple sets of waveguides 300/330/370. In embodiments including 

21 integrated end-coupled waveguides at both ends of the semiconductor laser waveguide 

22 300, the various adaptations, functionalities, and/or capabilities that may be provided for 

23 and/or by such waveguides may be divided between the two waveguides 330 and 370 

24 in any suitable manner. 

25 [0077] Integrated end-coupled waveguide(s) and adaptations thereof as described 

26 hereinabove for semiconductor lasers may be similarly implemented for a wide array of 

27 other active and/or passive semiconductor optical device types. Some of these devices 

28 may be single-port devices (including but not limited to photodetectors, receivers, 

29 single-output lasers, and so on; configured similar to the embodiment of Fig, 8), while 

30 others may be multi-port devices (including but not limited to multiple-output lasers, 

31 amplifiers, modulators, filters, splitters/combiners, add/drop filters, slicer/interleavers, 
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1 phase shifters, and so on; configured similar to Figs. 16A/16B). For any single- or multi- 

2 port semiconductor optical devices, one or more or all input/output ports may be 

3 provided with an integrated end-coupled waveguide as described hereinabove. For 

4 each such input/output port, a suitable array of adaptations, functionalities, and/or 

5 capabilities may be provided for/by the corresponding device waveguide end face and 

6 integrated end-coupled waveguide (as described in detail hereinabove for 

7 semiconductor lasers). 

8 [0078] Fabrication of an integrated end-coupled waveguide on a device substrate 

9 along with semiconductor optical device waveguide using wafer scale spatially selective 

10 material processing techniques may require additional adaptations of the end face of 

11 the semiconductor device waveguide and/or the integrated waveguide, and may also 

12 require additional fabrication steps. For minimizing end-coupling optical loss due to 

13 diffraction, for example, transverse (vertical and lateral) optical confinement of device 

14 and waveguide modes should be substantially contiguous across the waveguide end 

15 faces, as shown in Figs. 1A/1B, where a semiconductor device ridge waveguide 100 

16 and ridge end-coupled waveguide 200 are shown integrated on semiconductor device 

17 substrate 102. However, various fabrication schemes for forming semiconductor device 

18 waveguide 100 and end face 120 thereof result in an end segment of the device 

19 waveguide that lacks complete transverse confinement. An examples is illustrated in 

20 Figs. 2C. Some fabrication schemes for forming integrated end-coupled waveguide 200 

21 result in waveguide material(s) deposited on end face 120, resulting in a proximal end 

22 segment 201 of waveguide 200 that lacks substantially complete transverse 

23 confinement (as in Fig. 7, for example). Eliminafion of either or both of these 

24 unconfined waveguide segments requires additional spatially selective material 

25 processing steps, adding to the cost and complexity of the manufacturing process. The 

26 diffraction loss induced by a gap in transverse confinement maybe tolerable in some 

27 device applications, but not in others. The extent to which diffracfive loss at the 

28 waveguide end faces must be minimized (i.e., the operationally acceptable limits for 

29 diffractive loss for a given semiconductor optical device application) may determine 

30 what, if any, measures may be desirable, necessary, and/or warranted for its 
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1 minimization. The added cost and complexity of such measures may be similarly 

2 determinative. 

3 [0079] If relatively large end-coupling losses (up to 30% or even as much as about 

4 50%) due to diffraction are tolerable, then fabrication of waveguide layers 204, 206, and 

5 208 may be carried out using relatively non-directional deposition techniques (Fig. 7). 

6 The waveguide material(s) deposited on device waveguide end face 120 may be simply 

7 left in place, and the resulting diffractive loss at waveguide segment 201 tolerated. If 

8 the diffractive loss at waveguide segment 201 is too large for a given device, various 

9 adaptations and/or alternative processing schemes may be implemented for reducing it. 

10 [0080] Diffractive loss at waveguide segment 201 may be reduced somewhat by 

11 reducing the thickness of lower cladding layer 208 of integrated waveguide 200, thereby 

12 also reducing the thickness of cladding material on end face 120 and the length of the 

13 unconfined waveguide segment 201 . This reduction of the lower waveguide cladding 

14 layer may be sufficient to reduce the diffractive loss to an operationally acceptable level. 

15 However, if the lower cladding 208 is too thin, then an unacceptably large fraction of the 

16 optical power propagating through waveguide 200 may leak into semiconductor 

17 substrate 102 and be lost, the semiconductor substrate 102 typically having a refractive 

18 index larger than the core or cladding layers of integrated waveguide 200. A thin 

19 reflective film 203 (metal, multilayer, or other reflective film) may be deposited on the 

20 substrate 102 prior to deposition of waveguide lower cladding layer 208 (Fig. 17), 

21 thereby reducing or substantially eliminating optical loss due to substrate leakage. If the 

22 lower cladding layer 208 is too thin, however, the reflective coating 203 may itself cause 

23 optical loss along waveguide 200 (by optical absorption by a metal coating, for 

24 example). As an illustrative example, an optical mode about 1 |j.m high by about 2 |im 

25 wide supported by a thin silicon nitride core (about 100 nm thick) with a lower cladding 

26 layer about 2 ^im thick results in optical loss though substrate leakage less than about 

27 10 dB/cm (within operationally acceptable limits in many circumstances), but also 

28 results in a 2 |Lim thick layer of cladding material on the laser end face. Addition of a thin 

29 metal film reflector layer 203 and reduction of the lower cladding layer to about 1 ^im 

30 thick also results in optical loss of about 10 dB/cm, but with only about a 1 \xm thick 

31 layer of cladding material on the semiconductor end face (and correspondingly less 
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1 diffractive loss). Further reduction in the lower cladding thickness results in further 

2 reduction of diffraction loss at the proximal end of waveguide 200. but increases the 

3 optical loss upon propagation along waveguide 200. Spatially selective material 

4 processing may be employed for depositing metal reflector layer 203 without deposition 

5 on device end face 120. As shown on Fig. 18, the thickness of metal reflective layer 

6 203 may be chosen to substantially match the thickness of optical coating layer(s) 122 

7 applied to end face 120 (and typical also to an adjacent portion of substrate 102), 

8 thereby providing a substantially flat surface on which to form integrated waveguide 

9 200, 

10 [0081] A thin film reflector may prove advantageous in other circumstances as well. In 

11 the transverse-coupled embodiments of Figs. 14A/14B and 15A/15B, use of a tapered 

12 and terminated core is often employed for achieving substantially adiabatic transverse- 

13 transfer between an integrated waveguide and a fiber-optic taper segment or planar 

14 waveguide assembled therewith. Testing and "burn-in" of semiconductor optical 

15 devices (including semiconductor lasers) is typically carried out before assembly with 

16 the fiber-optical taper or waveguide, but without such a transverse-coupled component, 

17 once beyond the end of the core the laser power would typically diverge and be at least 

18 partially lost into the substrate. Monitoring and accurately measuring the optical output 

19 power under such circumstances is difficult, and dissipation of significant levels of laser 

20 power within substrate 302 may have undesirable consequences (such as damage to 

21 the semiconductor device). By adding a thin film reflector layer between the device 

22 substrate and the integrated waveguide, loss of optical power into the device substrate 

23 may be reduced or substantially eliminated, and a larger fraction of the optical power 

24 may be measured and monitored as it exits a distal end face of the integrated 

25 waveguide. 

26 [0082] The end segment of waveguide 201 that lacks substantially complete 

27 transverse confinement may be substantially eliminated through additional spatially 

28 selective material processing steps. As shown in Fig. 19A, after formation of device 

29 waveguide end face 120, any needed/desired coating thereof (not shown), and any 

30 needed/desired metal reflective layer (not shown) on the substrate 102, lower cladding 

31 layer 208 is deposited as described hereinabove, with cladding material also deposited 
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1 on end face 120. Etch mask layer 210 may be deposited over the lower cladding layer 

2 208, while leaving exposed the cladding material on end face 120 (also typically leaving 

3 exposed cladding material deposited on top of device waveguide 100). The exposed 

4 cladding material is then etched down to a remaining thickness substantially matching 

5 the thickness of the masked cladding material. After mask removal, a substantially flat 

6 lower cladding layer 208 remains, with unwanted cladding material removed from end 

7 face 120. A similar sequence of deposition, masking, etching, and de-masking steps 

8 (represented by the three dots in Fig. 19A) may be employed for depositing waveguide 

9 core layer 204 while removing unwanted core material from the semiconductor device 

10 end face, and then upper waveguide cladding layer 206 may be deposited. The 

11 integrated end-coupled waveguide 200 thus formed provides substantial transverse 

12 optical confinement extending to device waveguide end face 120, thereby reducing or 

13 substantially eliminating diffractive optical loss. For an integrated end-coupled 

14 waveguide 200 having a relatively thin core layer 204 (on the order of a few hundred nm 

15 thick or less), it may be possible to leave core material on end face 120 without 

16 introducing substantial diffractive optical loss, owing to the thinness of the deposited 

17 layer. 

18 [0083] Another exemplary process for forming an integrated end-coupled waveguide 

19 for a semiconductor optical device is shown in Fig. 35, After forming semiconductor 

20 optical device 100, a layer of cladding material 208 is deposited on substrate 102 and 

21 over an end portion of device 100. The thickness of cladding layer 208 above the 

22 substrate should be at least as large as the height of device 100, as shown in the first 

23 stage of the process diagram of Fig. 35. Chemical-mechanical polishing (CMP) is then 

24 employed to remove cladding material and yield a cladding material upper surface 

25 substantially flush with the device upper surface (as shown in second stage of Fig.35). 

26 Any suitable CMP process(es) may be employed. Such processes may be terminated 

27 when the top of device 100 is reached, or may in some instances remove some material 

28 from the top of device 100 in addition to cladding layer material. The remaining 

29 cladding material layer 208 has a substantially flat upper surface. A material-specific 

30 non-directional etch process may then be employed to reduce the thickness of the 

31 remaining cladding material layer 208 to a desired thickness for the lower cladding of 
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1 waveguide 200, while exposing a portion of tlie etclied device end face and maintaining 

2 a substantially flat upper surface for the cladding material layer up to the end face (as in 

3 the third stage of Fig. 35). Deposition of core material layer 206 and upper cladding 

4 layer 204 may then be performed as described hereinabove, with core and cladding 

5 material deposited on the lower cladding layer 208, the device end face, and an end 

6 portion of device 100. At one or more stages of the process of Fig. 35, one or more of 

7 layers 204, 206, and/or 208 and/or device 100 is spatially-selectively processed in any 

8 suitable manner for providing lateral optical confinement for optical device 100 and/or 

9 integrated waveguide 200. 

10 [0084] By depositing waveguide core material layer 204 on a substantially flat upper 

11 surface of layer 208, the waveguide core material extends to the device end face. The 

12 segment 201 of integrated waveguide 200 lacl<ing complete transverse optical 

13 confinement is reduced relative to an integrated waveguide produced by the procedure 

14 of Fig. 7 (wherein lower cladding material is deposited on the device end face and the 

15 core does not reach the end face). A non-confined segment 201 of an integrated 

16 waveguide 200 formed by the procedure of Fig. 35 will be about as long as the core 

17 material deposited on the end face is thick. For an integrated low-index waveguide 

18 having a low-profile or thin core, the core material layer on the device end face may be 

19 less than about 1 |im thick for silica-based cores, or only a few hundred ^m or less for 

20 silicon nitride or silicon oxynitride cores. Diffractive optical loss associated with such 

21 short non-confined waveguide segments may be substantially reduced relative to 

22 diffractive optical loss from an integrated waveguide fabricated by the procedure of Fig. 

23 7 having a non-confined segment several |im in length, at the expense of additional 

24 processing steps. If even smaller diffractive loss is needed or desired, CMP processing 

25 may be employed for forming core layer 204 to yield a substantially flat upper surface of 

26 the core extending to the device end face and removing excess core material from the 

27 device end face. Any non-confined segment 201 of waveguide 200 is thereby 

28 substantially eliminated (once again, at the expense of additional processing steps). 

29 [0085] In some embodiments it may not be possible to completely eliminate the end 

30 segment 201 of the integrated end-coupled waveguide 200 that lacks substantially 

31 complete transverse optical confinement, or to reduce its length to a degree sufficient to 
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1 reduce diffractive losses below an operationally acceptable level. Even if possible, it 

2 may be undesirable, impractical, and/or unjustified to do so due to tlie additional 

3 spatially selective material processing steps required and tlie attendant increased cost 

4 and complexity of fabrication involved. In addition, spatially selective material 

5 processing steps required to produce device waveguide end face 120 with a sufficiently 

6 accurate surface profile and/or with sufficiently high optical quality may necessitate a 

7 laterally extending end face segment of device waveguide 100 (as shown in Fig. 2C), 

8 and substantially complete transverse optical confinement would be lacking in such a 

9 segment of device waveguide 100. Diffractive optical loss from waveguide segment(s) 

10 lacking substantially complete transverse optical confinement may be reduced or 

11 substantially eliminated by suitable adaptation(s) of the surface profile of device 

12 waveguide end face 120 and/or the proximal end of the integrated waveguide 200. 

13 [0086] Diffractive optical loss from waveguide segment(s) lacking substantially 

14 complete transverse optical confinement may be reduced by suitable adaptation of the 

15 proximal segment of the integrated waveguide 200 to exploit the effect of multi-mode 

16 interference. Fig. 19B illustrates a fabrication sequence for forming integrated 

17 waveguide 200. After formation of device waveguide end face 120, any needed/desired 

18 coating thereof (not shown), and reflective layer 203 on the substrate 102, lower 

19 cladding layer 208 is deposited as described hereinabove, with cladding material also 

20 deposited on end face 120. Core 204 is then deposited; however, the proximal end of 

21 the core is displaced distally from the end face 120, leaving a waveguide segment 21 1 

22 of length L between the end face 120 and the proximal end of core 204 with no core 

23 layer. Upper cladding layer 206 is then deposited, comprising substantially the same 

24 material as the lower cladding layer 208. 

25 [0087] The thicknesses of layers 208 and 206 and the width of waveguide segment 

26 21 1 are chosen so that the waveguide segment 21 1 forms a multi-mode waveguide 

27 segment (which lacks core 204), which differs from the remainder of the integrated 

28 waveguide (which includes core 204). The lowest order optical mode of each of the 

29 device waveguide 100 and the integrated waveguide 200 (including core 204) couple 

30 into respective superpositions of several of the lowest-order modes supported by multi- 

31 mode waveguide segment 21 1 . Each of these lowest order modes propagates with its 
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1 own effective index (or propagation constant), so that the relative phases of the modes 

2 vary substantially linearly with propagation distance along waveguide segment 21 1 . 

3 This variation of relative phases results in evolution of the transverse profile of the 

4 superposition along the length of multi-mode waveguide segment 211, due to 

5 constructive and destructive interference of varying portions of the modes as their 

6 relative phases vary. Modes of a given superposition that start out substantially in 

7 phase at one end of waveguide segment 21 1 become substantially in phase again at a 

8 specific distance along the waveguide segment 21 1 (referred to herein as a recurrence 

9 distance, which may be calculated based on the modal indices of the modes of the 

10 superposition). Core 204 is fabricated so that the length L of the waveguide segment 

11 211 substantially corresponds to this recurrence distance (or an integer multiple 

12 thereof). The superposition corresponding to the device waveguide mode at end face 

13 120 recurs at the proximal end of core 204, while the superposition corresponding to the 

14 integrated waveguide mode at the proximal end of core 204 recurs at end face 120. 

15 The overall end-coupling efficiency between the device waveguide and the integrated 

16 waveguide is therefore substantially determined by the degree to which the respective 

17 waveguide modes are spatial mode matched, thereby enabling reduction or substantial 

18 elimination of diffractive optical loss relative to the embodiments of Figs. 7, 17, and/or 

19 18, for example. For optical modes of the typical sizes described herein, for example, 

20 the recurrence distance may be on the order of about 10 to 20 |am in length, although 

21 this length range may vary widely depending on the specific characteristics of the 

22 device and integrated waveguides. 

23 [0088] Implementation of the multi-mode interference scheme described in the 

24 preceding paragraph requires waveguide segment 21 1 to be designed and fabricated 

25 so that the modal indices are known with accuracy and precision sufficient to enable 

26 sufficiently accurate calculation of the recurrence length. Accordingly, the thicknesses 

27 and/or widths of cladding material layers 206/208 and the transverse optical 

28 confinement properties thereof, must be designed and fabricated sufficiently accurately 

29 and precisely. Vertical optical confinement within waveguide segment 21 1, if present, 

30 may be provided in any suitable manner. Reflective layer 203 (metal, multi-layer, or 

31 other suitable reflective layer) may be employed for providing well-defined optical 
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1 confinement from below v^aveguide segment 211. An upper reflective coating (not 

2 shown) may be deposited over upper cladding layer 206 for providing similarly weil- 

3 defined optical confinement from above waveguide segment 21 1 . Index contrast 

4 between upper cladding layer 206 and its surroundings (air, vacuum, encapsulation 

5 material, a lower-index secondary cladding layer, etc) may instead be relied upon for 

6 optical confinement from above, if sufficiently well-characterized for enabling sufficiently 

7 accurate calculation of modal indices. Index contrast between lower cladding layer 208 

8 and a lower-index secondary cladding layer (between lower cladding 208 and substrate 

9 102; not shown) may instead be relied on for optical confinement from below, if 

10 sufficiently well-characterized for enabling sufficiently accurate calculation of modal 

1 1 indices. Lateral optical confinement within waveguide segment 21 1 , if present, may be 

12 provided in any suitable manner, such as reflective coatings applied to lateral surfaces 

13 of waveguide segment 211, index contrast between waveguide segment 21 1 and its 

14 surroundings (air, vacuum, encapsulation material, lateral secondary cladding material, 

15 etc), index contrast between medial and lateral portions of waveguide segment 21 1 , and 

16 so forth, providing such lateral optical confinement is sufficiently well-characterized for 

17 enabling sufficiently accurate calculation of modal indices. 

18 [0089] Multi-mode interference may also be exploited to form a mode expander. The 

19 incident optical mode may couple into multiple modes of the multimode waveguide 

20 segment, the incident superposition thus formed presumably being substantially smaller 

21 than the lowest-order modes of the superposition (at the incident end of the multi-mode 

22 waveguide segment). This incident superposition evolves spatially as it propagates 

23 along the multi-mode waveguide segment (as described hereinabove, due to differing 

24 modal propagation constants), and periodically recurs at regular spatial intervals along 

25 the multi-mode waveguide segment. Placing an incident end of a receiving waveguide 

26 (integrated waveguide 200 in the preceding examples) at one of these recurrence points 

27 is substantially equivalent to placing the incident end of the receiving waveguide in 

28 place of the incident end of the multi-mode waveguide segment, and may reduce or 

29 substantially eliminate diffractive losses (as already described hereinabove). At one or 

30 more points along a multi-mode waveguide segment Ipetween successive recurrences 

31 of the incident superposition, the modal superposition goes through a maximum 
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1 transverse size. If an incident end of a receiving waveguide is placed at such a 

2 maximum, then the multi-mode waveguide segment acts as a mode expander. Since 

3 all modes of the superposition cannot be simultaneously spatial-mode matched with a 

4 single mode of the receiving waveguide, such a multi-mode-interference-based mode 

5 expander may not typically provide coupling efficiencies as large as those attainable 

6 using a single-mode, substantially adiabatic mode expander. However, a multi-mode 

7 interference-based mode expander may provide a given degree of mode expansion 

8 over a substantially shorter propagation length than an equivalent single-mode 

9 expander. Differing design constraints for a mode expander (smaller size vs. higher 

10 coupling efficiency) may dictate which type of beam expander might be employed 

11 (multi-mode vs. single mode). Adaptations described hereinabove for reducing or 

12 substantially eliminating leakage of an expanded optical mode from a waveguide into an 

13 underlying substrate may be implemented for a multi-mode expander as well. 

14 [0090] Diffractive optical loss from waveguide segment(s) lacking substantially 

15 complete transverse optical confinement may be reduced by suitable adaptation of the 

16 surface profile of device waveguide end face 120. Adaptation of the surface profile of 

17 device waveguide end face 120 may be implemented for achieving other purposes as 

18 well. Various surface profiles may be provided for end face 120. A substantially planar 

19 end face 120 may be provided, and the end face may be substantially vertical and 

20 substantially normal to the propagation direction supported at the end of the 

21 semiconductor device waveguide 100 (Figs. 1 A/1 B). A planar end face 120 may be 

22 provided that is not normal to this propagation direction, if needed or desired, so that 

23 any reflection from the end face 120 does not propagate back through the device 

24 waveguide structure. This may be particularly relevant for reducing reflective feedback 

25 into a semiconductor laser waveguide from the end face. For many spatially-selective 

26 material processing techniques, such a non-normal substantially planar end face may 

27 be most readily provided tilted horizontally (Figs. 20A/20B). Other spatially selective 

28 material processing techniques (including but not limited to anisotropic or directional 

29 etching, gray-scale lithography, or other suitable technique(s)) may be employed so as 

30 to form a non-normal substantially planar end face tilted in a vertical direction (Figs. 

31 21 A/21 B). A non-normal end face 120 may be provided tilted in both horizontal and 
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1 vertical directions (not shown). If a non-normal end face 120 is provided for device 

2 waveguide 100, refraction at the end face must be accounted for when designing the 

3 proper position and orientation of integrated end-coupled waveguide 200. In general, if 

4 the end face 120 is non-normal, then the waveguides 100 and 200 will not be collinear 

5 (Fig. 22). 

6 [0091] A device end face 120 may be employed wherein at least a portion of the end 

7 face is curved in at least one dimension, for altering the convergence/ divergence 

8 properties of optical modes transmitted through and/or reflected from the device end 

9 face 120. For example, a convex device waveguide end face 120 may serve to reduce 

10 the divergence of, or to mal<e convergent, an optical mode transmitted from the device 

11 waveguide 100 into an end-coupled integrated waveguide 200 of lower refractive index 

12 (Figs. 23A, 23B, 24, 25, 26, and 27), thereby increasing optical end-coupling relative to 

13 a flat end face. Therefore, suitable design of such a convex waveguide end face may 

14 be employed to reduce or substantially eliminate diffractive optical loss from waveguide 

15 segments lacking substantially complete transverse optical confinement. In another 

16 example, such a convex end face may serve as a concave reflector for coupling a 

17 device optical mode back into the device (as a laser end mirror, for instance). In either 

18 of the preceding examples, the curved portion of the end face may be limited in 

19 transverse extent (Fig. 23B), so as to suppress end-coupling and/or reflective coupling 

20 of higher-order device optical modes. If needed or desired, lateral portions of the end 

21 face may also be tilted away from normal (as in Fig. 23B) or othenA/ise adapted for 

22 suppressing end-coupling and/or reflective coupling of such higher-order modes. In 

23 other examples, a concave end face 120 might be employed if appropriate (Figs. 28 and 

24 29). A curved end face 120 may be aligned substantially normal to the propagation 

25 direction supported at the end of the semiconductor device waveguide 100, in which 

26 case the adjacent ends of device waveguide 100 and integrated end-coupled 

27 waveguide 200 may be substantially collinear (Figs. 23A, 238, 24, 28, and 29). 

28 Alternatively, a curved end face 120 may be non-normal (tilted horizontally and/or 

29 vertically as in Figs. 25, 26, and 27; see discussion hereinabove), in which case the 

30 device waveguide 100 and integrated end-coupled waveguide 200 would be non- 
31 collinear so as to compensate for refraction at non-normal end face 120 (Fig. 25). For 
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1 many spatially-selective material processing techniques, a curved surface profile for end 

2 face 120 may be most readily provided curved in the horizontal dimension (Figs. 23A, 

3 23B, 24, 25, 28, and 29), Other spatially selective material processing techniques 

4 (including but not limited to anisotropic or directional etching, gray-scale lithography, or 

5 other suitable technique(s)) may be employed so as to form a curved surface profile for 

6 end face 120 curved in the vertical dimension (Figs. 26, 27, and 29). A curved surface 

7 profile for end face 120 may be provided curved in both horizontal and vertical 

8 dimensions (not shown). 

9 [0092] Multi-mode interference and a curved waveguide end face may be implemented 

10 together for reducing diffractive optical loss from waveguide segments lacking 

11 substantially complete transverse optical confinement. For example, diffractive optical 

12 loss in the vertical direction may be reduced or substantially eliminated using multi- 

13 mode interference, by suitable configuration of an intermediate multi-mode waveguide 

14 segment (as described hereinabove) along the vertical dimension. In addition, the 

15 waveguide end face may also be suitably curved in the horizontal dimension so as to 

16 reduce or substantially eliminate diffractive optical loss in the horizontal direction. 

17 [0093] In addition to, or instead of, a curved end face 120, device waveguide 100 may 

18 be provided with a flared end segment thereof 124 (Fig. 30). A flared end segment 124 

19 for waveguide 100 may in some circumstances more readily enable substantial spatial 
2b mode matching with waveguide 200, either directly end-coupled (and perhaps including 

21 an intervening waveguide segments lacking substantially complete transverse optical 

22 confinement) or end-coupled though multi-mode interference (as described 

23 hereinabove). The resulting enlarged optical mode supported by the flared end of the 

24 device waveguide may be correspondingly less divergent upon propagation through 

25 waveguide segment(s) lacking substantially complete transverse optical confinement, 

26 with correspondingly less diffractive optical loss. The flared waveguide end should flare 

27 substantially adiabatically (i.e., sufficiently gradually so as to maintain coupling of optical 

28 power into unwanted waveguide modes at or below operationally acceptable levels). 

29 For many spatially-selective material processing techniques, a flared end 124 for device 

30 waveguide 100 may be more readily provided flared in the horizontal dimension (Fig. 

31 30). Other spatially selective material processing techniques (including but not limited 
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1 to anisotropic or directional etching, gray-scale lithography, or other suitable 

2 technique(s)) may be employed so as to form a flared end 124 for waveguide 100 flared 

3 in the vertical dimension (not shown). Device waveguide 100 may have a flared end 

4 124 flared in both horizontal and vertical dimensions (not shown). 

5 [0094] A variety of adaptations for the structure of device waveguide 1 00 and end face 

6 120 thereof, and for integrated end-coupled waveguide 200, have been set forth 

7 hereinabove, which may be implemented singly or in combination for providing 

8 efficiency for optical end-transfer between waveguide 100 and 200 at or above an 

9 operationally acceptable level. An operationally acceptable level of optical end-transfer 

10 efficiency (i.e., sufficiently high efficiency, or equivalently, sufficiently low optical loss) 

11 may be determined by the performance required of a device in a particular application, 

12 as well as considerations of cost and complexity of manufacture. For example, in some 

13 instances more stringent optical device performance requirements may require/justify 

14 additional manufacturing steps, while in other instances device pricing pressures may 

15 require elimination of manufacturing steps at the expense of lowered device 

16 performance characteristics. 

17 [0095] For purposes of the foregoing written description and/or the appended claims, 

18 "index" may denote the bulk refractive index of a particular material (also referred to 

19 herein as a "material index") or may denote an "effective index" netf, related to the 

20 propagation constant p of a particular optical mode in a particular optical element by p = 

21 Inrieff/X. The effective index may also be referred to herein as a "modal index". As 

22 referred to herein, the term "low-index" shall denote any materials and/or optical 

23 structures having an index less than about 2.5, while "high-index" shall denote any 

24 materials and/or structures having an index greater than about 2.5. Within these 

25 bounds, "low-index" may refer to: silica (SiOx), germano-silicate, boro-silicate, other 

26 doped silicas, and/or other silica-based materials; silicon nitride (SixNy) and/or silicon 

27 oxynitrides (SiOxNy); other glasses; other oxides; various polymers; and/or any other 

28 suitable optical materials having indices below about 2.5. "Low-index" may also include 

29 optical fiber, optical waveguides, planar optical waveguides, and/or any other optical 

30 components incorporating such materials and/or exhibiting a modal index below about 

31 2.5. Similarly, "high-index" may refer to materials such as semiconductors, IR materials, 
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1 and/or any other suitable optical materials having indices greater than about 2.5, and/or 

2 optical waveguides of any suitable type incorporating such material and/or exhibiting a 

3 modal index greater than about 2.5. The terms "low-Index" and "high-index" are to be 

4 distinguished from the terms "lower-index" and "higher-index", also employed herein. 

5 "Low-index" and "high-index" refer to an absolute numerical value of the index (greater 

6 than or less than about 2.5), while "lower-index" and "higher-index" are relative terms 

7 indicating which of two particular materials has the larger index, regardless of the 

8 absolute numerical values of the indices. 

9 [0096] The term "optical waveguide" (or equivalently, "waveguide") as employed herein 

10 shall denote a structure adapted for supporting one or more optical modes. Such 

11 waveguides shall typically provide confinement of a supported optical mode in two 

12 transverse dimensions while allowing propagation along a longitudinal dimension. The 

13 transverse and longitudinal dimensions/directions shall be defined locally for a curved 

14 waveguide; the absolute orientations of the transverse and longitudinal dimensions may 

15 therefore vary along the length of a curvilinear waveguide, for example. Examples of 

16 optical waveguides may include, without being limited to, various types of optical fiber 

17 and various types of planar waveguides. The term "planar optical waveguide" (or 

18 equivalently, "planar waveguide") as employed herein shall denote any optical 

19 waveguide that is provided on a substantially planar substrate. The longitudinal 

20 dimension (i.e., the propagation dimension) shall be considered substantially parallel to 

21 the substrate. A transverse dimension substantially parallel to the substrate may be 

22 referred to as a lateral or horizontal dimension, while a transverse dimension 

23 substantially perpendicular to the substrate may be referred to as a vertical dimension. 

24 Examples of such waveguides include ridge waveguides, buried waveguides, 

25 semiconductor waveguides, other high-index waveguides ("high-index" being above 

26 about 2.5), silica-based waveguides, polymer waveguides, other low-index waveguides 

27 ("low-index" being below about 2.5), core/clad type waveguides, multi-layer reflector 

28 (MLR) waveguides, metal-clad waveguides, air-guided waveguides, vacuum-guided 

29 waveguides, photonic crystal-based or photonic bandgap-based waveguides, 

30 waveguides incorporating electro-optic (EO) and/or electro-absorptive (EA) materials, 

31 waveguides incorporating non-linear-optical (NLO) materials, and myriad other 
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1 examples not explicitly set forth herein which may nevertheless fall within the scope of 

2 the present disclosure and/or appended claims. Many suitable substrate materials may 

3 be employed, including semiconductor, crystalline, silica or silica-based, other glasses, 

4 ceramic, metal, and myriad other examples not explicitly set forth herein which may 

5 nevertheless fall within the scope of the present disclosure and/or appended claims. 

6 [0097] One exemplary type of planar optical waveguide that may be suitable for use 

7 with optical components disclosed herein is a so-called PLC waveguide (Planar 

8 Lightwave Circuit). Such waveguides typically comprise silica or silica-based 

9 waveguides (often ridge or buried waveguides; other waveguide configuration may also 

10 be employed) supported on a substantially planar silicon substrate (often with an 

11 interposed silica or silica-based optical buffer layer). Sets of one or more such 

12 waveguides may be referred to as planar waveguide circuits, optical integrated circuits, 

13 or opto-electronic integrated circuits. A PLC substrate with one or more PLC 

14 waveguides may be readily adapted for mounting one or more optical sources, lasers, 

15 modulators, and/or other optical devices adapted for end-transfer of optical power with a 

16 suitably adapted PLC waveguide. A PLC substrate with one or more PLC waveguides 

17 may be readily adapted (according to the teachings of U.S. Patent Application Pub. No. 

18 2003/0081902 and/or U.S. App. No. 60/466,799) for mounting one or more optical 

19 sources, lasers, modulators, photodetectors, and/or other optical devices adapted for 

20 transverse-transfer of optical power with a suitably adapted PLC waveguide (mode- 

21 interference-coupled, or substantially adiabatic, transverse-transfer; also referred to as 

22 transverse-coupling). 

23 [0098] For purposes of the foregoing written description and/or appended claims, 

24 "spatially-selective material processing techniques" shall encompass epitaxy, layer 

25 growth, lithography, photolithography, evaporative deposition, sputtering, vapor 

26 deposition, chemical vapor deposition, beam deposition, beam-assisted deposition, ion 

27 beam deposition, ion-beam-assisted deposition, plasma-assisted deposition, wet 

28 etching, dry etching, ion etching (including reactive ion etching), ion milling, laser 

29 machining, spin deposition, spray-on deposition, electrochemical plating or deposition, 

30 electroless plating, photo-resists, UV curing and/or densification, micro-machining using 

31 precision saws and/or other mechanical cutting/shaping tools, selective metallization 
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1 and/or solder deposition, cliemical-mechanical polishing for planarizing, any other 

2 suitable spatially-selective material processing techniques, combinations thereof, and/or 

3 functional equivalents thereof. In particular, it should be noted that any step involving 

4 "spatially-selectively providing" a layer or structure may involve either or both of: 

5 spatially-selective deposition and/or growth, or substantially uniform deposition and/or 

6 growth (over a given area) followed by spatially-selective removal. Any spatially- 

7 selective deposition, removal, or other process may be a so-called direct-write process, 

8 or may be a masked process. It should be noted that any "layer" referred to herein may 

9 comprise a substantially homogeneous material layer, or may comprise an 

10 inhomogeneous set of one or more material sub-layers. Spatially-selective material 

11 processing techniques may be implemented on a wafer scale for simultaneous 

12 fabrication/processing of multiple structures on a common substrate wafer. 

13 [0099] The term "optical device" or "semiconductor optical device" as used herein may 

14 denote a device providing optical functionality (passive and/or active) wherein at least a 

15 portion of the device comprises suitably configured semiconductor material(s). The 

16 terms "device", "optical device", and/or "semiconductor optical device" as used herein 

17 may denote only the semiconductor portion of an optical device, or may denote an 

18 overall optical device structure or assembly of which only a portion comprises 

19 semiconductor material(s) (and which may include an integrated end-coupled 

20 waveguide as described further hereinbelow). Which of these is intended is typically 

21 evident from the context in which the term appears. The term "semiconductor laser" as 

22 used herein may denote a semiconductor optical device adapted for providing optical 

23 gain upon electrical pumping (i.e., a laser gain medium), or may alternatively refer to an 

24 optical resonator (supporting longitudinal optical modes) with such a semiconductor 

25 optical gain medium included therein. Which of these is intended is typically evident 

26 from the context in which the term appears. 

27 [0100] It should be noted that various components, elements, structures, and/or layers 

28 described herein as "secured to", "connected to", "mounted on", "deposited on", "formed 

29 on", "positioned on", etc., a substrate may make direct contact with the substrate 

30 material, or may make contact with one or more layer(s) and/or other intermediate 
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1 structure(s) already present on the substrate, and may therefore be indirectly "secured 

2 to", etc, the substrate. 

3 [0101] The phrase "operationally acceptable" appears herein describing levels of 

4 various performance parameters of optical components and/or optical devices, such as 

5 optical power transfer efficiency (equivalently, optical coupling efficiency), optical loss, 

6 undesirable reflection, and so on. An operationally acceptable level may be determined 

7 by any relevant set or subset of applicable constraints and/or requirements arising from 

8 the performance, fabrication, device yield, assembly, testing, availability, cost, supply, 

9 demand, and/or other factors surrounding the manufacture, deployment, and/or use of a 

10 particular optical component or assembly. Such "operationally acceptable" levels of 

11 such parameters may therefor vary within a given class of devices depending on such 

12 constraints and/or requirements. For example, a lower optical coupling efficiency may 

13 be an acceptable trade-off for achieving lower device fabrication costs in some 

14 instances, while higher optical coupling efficiency may be required in other instances in 

15 spite of higher fabrication costs. The "operationally acceptable" coupling efficiency 

16 therefore varies between the instances. Many examples of such trade-offs may be 

17 imagined, with correspondingly differing definitions of "operationally acceptable". 

18 Optical components, planar waveguides, and fabrication and/or assembly methods 

19 therefor as disclosed herein, and. equivalents thereof, may therefore be implemented 

20 within tolerances of varying precision depending on such "operationally acceptable" 

21 constraints and/or requirements. Phrases such as "substantially spatial-mode- 

22 matched", "substantially index-matched", "so as to substantially avoid undesirable 

23 reflection", and so on as used herein shall be construed in light of this notion of 

24 "operationally acceptable" performance. 

25 [0102] While particular examples have been disclosed herein employing specific 

26 materials and/or material combinations and having particular dimensions and v 

27 configurations, it should be understood that many materials and/or material 

28 combinations may be employed in any of a variety of dimensions and/or configurations 

29 while remaining within the scope of inventive concepts disclosed and/or claimed herein. 

30 It should be pointed out that while wafer-scale processing sequences are set forth as 

31 examples, any or all of the processing sequences set forth herein, and/or equivalents 
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1 thereof, may also be implemented for smaller sets of components, or for individual 

2 components, while remaining within the scope of the present disclosure and/or 

3 appended claims. It is intended that equivalents of the disclosed exemplary 

4 embodiments and methods shall fall within the scope of the present disclosure and/or 

5 appended claims. It is intended that the disclosed exemplary embodiments and 

6 methods, and equivalents thereof, may be modified while remaining within the scope of 

7 the present disclosure and/or appended claims. 
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